Study Design. Radiologic evaluation of lumbar range of motion (ROM) with dynamic radiograph.
Invasive and noninvasive methods for measuring range of motion (ROM) of the lumbar spine in vivo have been described. For example, noninvasive methods comprise the inclinometer technique, 1, 2 Schober technique, 3 modified Schober technique, 4 fingertip to floor method, 5, 6 or skin-mounted optical or electromagnetic measuring devices. 7, 8 Nevertheless, it has been shown that external measurement may not reflect the true intervertebral movement, and limitations have already been reported when measuring single segmental movement. 9 -11 Therefore, several invasive methods emerged with different reliability, technical difficulties, and, especially, clinical feasibility. For example, invasive methods include conventional lateral radiographs, 3-dimensional lumbar motion analyses by biplanar radiography, 12 videofluoroscopic or cineradiographic analyses, [13] [14] [15] [16] the use of percutaneous transpedicular-external fixation pins 17, 18 or Kirschner wires inserted into the spinous process, 19 and the use of open interventional magnetic resonance imaging. 20 Because the specific apparatus required and invasive nature of the aforementioned methods, to date, their use has been limited to scientific studies with small patient series investigated, except for conventional lateral radiographs.
Since the first in vitro studies of lumbar spine motion by Rolander, 21 several attempts have been made to measure in vivo motion of the lumbar spine radiographically. Clinically, the range of lumbar motion is considered important for the etiology, diagnosis, and treatment of many spinal pathologies. [22] [23] [24] [25] [26] Measuring segmental ROM becomes even more important as new dynamic stabilization methods of the lumbar spine are coming up. Because the postulated main advantage compared to fusion operation is the preservation of mobility, the quantification of movement will be of special clinical interest in future studies dealing with these techniques. Although the demonstration of coupled spinal motion is not possible and the methods are not as precise as other more invasive or technical demanding methods, 12, 15, 17, 19 radiographs obtained in maximum flexion and extension will most likely be used more frequently to calculate the ROM of lumbar spine because of its clinical feasibility. 14,22,24 -28 Different radiologic methods have been described for the analysis of conventional flexion-extension radiographs to calculate the segmental ROM. Frequently used methods because of the simple handling and missing necessity for specific apparatus are the "Cobb-Method" (Figure 1 ) 14, 22, 25, 26 and the "Superimposition-Method" (Figure 2) . 23, 24, 28 The main problem in interpreting the values obtained from dynamic radiographs is the lack of accuracy and reliability measurements, especially when using different methods of analysis or observers with different training levels. A thorough reliability analysis of this methods seems to be mandatory for the correct interpretation. Therefore, the aim of study was to: (1) present a comparative analysis of different statistical methods to asses the reliability of a certain measurement method, (2) give a recommendation as to which statistical method is advisable for reliability analysis, and (3) define ranges in units of measurement error inherent to the calculation of ROM with dynamic radiographs with respect to different observers and methods.
Materials and Methods

Patients.
A total of 24 patients with monosegmental degenerative disc disease was analyzed. The mean age of the 14 women and 10 men averaged 40.2 Ϯ 5.3 years. Inclusion criteria were: (1) low back pain for at least 12 months, (2) a minimum of 6 months of conservative therapy, (3) no signs of facet joint arthrosis confirmed by computerized tomography, (4) no pain relief after facet joint infiltration, (5) monosegmental disc degeneration (black disc) confirmed by magnetic resonance imaging, and (6) diskography with positive "Memory pain." There were 12 patients who had a degenerative disc disease at level L4 -L5 and 12 at level L5-S1. None of the patients had sacralization of L5 or a lumbarization of S1. In all 24 patients, levels L4 -L5 and L5-S1 were measured, giving a total amount of 48 segmental ROM measurements with each method.
Technique of Radiographic Examination. Radiograph films were taken using a standard radiographic technique. The distance between the radiographic tube and film was 110 cm, with a known magnification of 1.15ϫ. The radiographs were always taken in a standard manner, with the central beam of the tube always directed on the iliac crest. No effort was made to center the central beam on the discs identified as the source of the pain because this is not the standard procedure in the clinical setting. For dynamic radiograph, the patients were asked to bend as far as possible forward and backward. All movements were performed actively without external passive force. A video camera-based image capture system (DiagnostiX, Basis 20484 GEMED, Germany) stored radiographs in digital format on a personal computer and plain radiograph films.
Cobb Method (Figure 1) . The segmental lordosis for L4 -L5 was measured from the upper vertebral endplate of L4 to the lower vertebral endplate of L5 on both (flexion and extension) radiographs without time delay. At L5-S1, the segmental lordosis was measured from the upper vertebral endplate of L5 to the superior endplate of S1 on both radiographs. The segmental ROM was calculated as the difference between the segmental lordosis in extension and flexion, respectively. All measurements were performed digitally on a personal computer, in which the software allows the examiner to draw separate lines through the endplates of the superior and inferior vertebrae. The software automatically displays the angle formed by these lines. (Figure 2) . The L4 vertebral images on the extension radiographic film were superimposed to the L4 vertebral images of the flexion film. A line was drawn on the flexion film along the edge of the extension film. A second line was drawn along the edge of the extension film onto the flexion film after L5 vertebral images of the extension film were superimposed with L5 on the flexion film. A third line was drawn in the same manner after the sacrum was superimposed on both films. The angle between the first 2 lines represents the segmental ROM of level L4 -L5, and the angle formed by the second and third lines the segmental ROM of level L5-S1. A fine pencil and a precision goniometer with a resolution of 0.5°w ere used. All measurements were performed manually without a personal computer or other tools, except for the goniometer.
Superimposition Method
Observers. There were 3 different observers with different levels of experience that analyzed the radiographs. The experienced observer (No. 1) measured segmental ROM at levels L4 -L5 and L5-S1 for all 24 patients with both methods twice, with at least 8 weeks of time delay between both measurements. The inexperienced observer (No. 2) measured in the same fashion like observer No. 1. The experienced observer (No. 3) measured only once with both methods. Therefore, observer Nos. 1 and 2 had each a total amount of 192 segmental ROM measurements (24 measurements of level L4 -L5 with both methods twice equal 96 measurements; 24 measurements of level L5-S1 with both methods twice equal 96 measurements). Observer No. 3, who measured only once with both methods, had a total of 96 measurements, with 24 measurements of level L4 -L5 with both methods once equaling 48 measurements and 24 measurements of level L5-S1 with both methods once equaling 48 measurements. All 480 segmental ROM measurements were used for further statistical calculation. Statistical Analysis. Because the measurement results of different observers and different methods have to be analyzed, 4 reliability measures have to be obtained.
1. The "intraobserver-intramethod" reliability: The reliability of the same observer measuring with the same method. 2. The "intraobserver-intermethod" reliability: The reliability of the same observer measuring with different methods. 3. The "interobserver-intramethod" reliability: The reliability of different observers measuring with the same method. 4. The "interobserver-intermethod" reliability: The reliability of different observers measuring with different methods.
There were 3 methods of statistical analysis used to analyze the 4 aforementioned reliability measurements.
Paired/unpaired t test:
The t test assesses the significance of potential variation between 2 sets of measurement. The reliability is considered good/excellent if the difference is not significant (P Ͼ 0.05) (Appendix available for viewing on ArticlePlus only).
Pearson product-moment correlation coefficient (PCC):
The Pearson PCC measures the strength of a relationship between 2 variables (e.g., the first and second measurement). Higher Pearson PCCs would indicate a better relationship of 2 sets of measurement (Appendix available for viewing on ArticlePlus only). 3. The 95% confidence interval (CI) for measurement error:
The 95% CI provides a range that is expressed in units. Of the differences of 2 measurement sets, 95% can be expected within these limits (Appendix available for viewing on ArticlePlus only). Data were analyzed using the SPSS 12.0 statistical software (SPSS, Inc., Chicago, IL).
Results
Intraobserver-Intramethod Reliability Intraobserver-intramethod reliability was calculated for experienced observer No. 1 and inexperienced observer No. 2 ( Table 1) . None of the differences between the first and second measurement, regardless of observer and method used, were statistically significant, indicating the absence of systematic error and good agreement (P value; Table 1 ). The measurement method did not influence the agreement in case of experienced observer No. 1, with a 95% CI of Ϯ4.2°for the Cobb method and Ϯ4.0°for the superimposition method. Inexperienced observer No. 2 was able to enhance measurement precision with the superimposition method remarkably with a 95% CI of Ϯ4.7°compared to the Cobb method with Ϯ6.8°. The Pearson correlation coefficient reflected these results.
Intraobserver-Intermethod Reliability
Assessing the agreement between the 2 methods, intraobserver-intermethod reliability was calculated for experienced observer No. 1 and inexperienced observer No. 2 ( Table 2 ). None of the differences between the first and second measurements, regardless of the pairs of measurement chosen for calculation, were statistically significant, indicating the absence of systematic error and good agreement (P value, Table 2 ). The agreement of the values measured with different methods was inferior to the agreement when measuring with the same method ( Table 1 ). The reliability of inexperienced observer No. 2 (95% CI Ϫ6.7°/ϩ6.5°) was inferior to experienced observer No. 1 (95% CI Ϫ5.5°/ϩ6.5°).
Interobserver-Intramethod Reliability
Assessing the agreement between 2 observers, interobserver-intramethod reliability was calculated for experienced observer No. 1 versus inexperienced observer No. 2 and experienced observer no. 1 versus experienced observer No. 3 (Table 3) . Except for 1 pair of measurements (first measurement observer No. 1 vs. first measurement observer No. 2 with the Cobb method, P ϭ 0.031), none of the differences between the first and second measurements, regardless of the pairs of measurements chosen for calculation, were statistically significant, indicating the absence of systematic error and good agreement (P values, Table 3 ). The reliability of the Cobb method (95% CI Ϫ7.4°/ϩ5.8°) was inferior to the superimposition method (95% CI Ϫ4.9°/ϩ4.5°) when measurements of an experienced and inexperienced observer were compared. This finding was also reflected by the Pearson PCC, with average values of 0.883 for the superimposition method and 0.792 for the Cobb method. No clinically relevant differences in reliability could be observed between both methods when 2 experienced observers were compared, reflected by similar 95% CIs and Pearson PCCs (observer No. 1 vs. observer No. 3, Table 3 ).
Interobserver-Intermethod Reliability
Assessing the agreement between 2 observers measuring with different methods, interobserver-intermethod reliability was calculated for experienced observer No. 1 versus inexperienced observer No. 2 and experienced observer No. 1 versus experienced observer No. 3 (Table  4) . None of the differences between the first and second measurements, regardless of the pairs of measurement chosen, were statistically significant, indicating the absence of systematic error and good agreement (P values; Table 4 ). Comparing values of 2 different observers using 2 different methods showed the highest measurement er- rors, reflected by the wide ranges for 95% CIs. Even the level of experience of the observers had no impact on the results because the ranges for the 95% CIs between the 2 experienced observers were similar to the 95% CIs between the experienced and inexperienced observer (Table 4 ). This result indicates that neither the experience of the observers nor the method used had superior impact on the results.
Discussion
Angle measurements obtained from radiographs play an integral part in clinical decision making, regarding patient care in orthopedics. This exact appearing determination of an angle suggests that the obtained value is sufficiently accurate to be used for clinical decisions regarding patient care. Although the practitioner must continue to use these lines and angles as part of the data that are needed for the decision making process, one should recognize the measurement error inherent to these methods. Reliability analyses evaluating radiologic measurement error of sagittal (lordosis or kyphosis) and coronal (scoliosis) plane angle measurements of the spine with the Cobb method are not rare. Reported intraobserver measurement variability ranges from of 2.8°to 10°, depending on the measurement conditions and statistical methods used. 29, 30 However, reliability analyses of radiologic methods measuring ROM of the spine are scarce, although often used in most of the in vivo studies dealing with this item. 14, 22, [25] [26] [27] Boden and Wiesel 26 reported an excellent intraobserver and interobserver reproducibility when measuring lumbar ROM with the Cobb method as they found no statistical significant difference between 2 measurements, verified by a paired t test of P Ͼ 0.05. The results of the current study show that a lack of statistical significant difference between 2 measurements can still be associated with clinically relevant, huge ranges for 95% CI (Tables 1-4 ) which have been already supposed by Bland and Altman. 31 Therefore, the sole calculation of P values for measurement reproducibility seems to be not valid for clinical decision making.
Saur et al 25 defined the Pearson PCCs larger than 0.7 as a limit for clinical significance of reliability and validity when comparing ROM measurements with dynamic radiographs and the inclinometer technique. When looking at the results of the current study, all measurement settings (Tables 1-4) showed sufficient correlation coefficients with regard to Saur et al 25 ; it is noteworthy that all Pearson PCCs were Ͼ0.700. This result would lead to the misinterpretation that the comparison of different methods, observers, and level of training would not alter the reliability and validity of ROM measurements. Although all Pearson PCC values in the current study were Ͼ0.700, clinically relevant 95% CIs for the measurement errors could be noticed for different methods, observers, and level of experience. Moreover, similar Pearson PCC values would anticipate similar reliability and validity of measurements. However, this result is sometimes misleading because one should be aware that similar the Pearson PCC was accompanied by huge differences in the 95% CI in the current study.
On the other hand, the Pearson PCC can be a useful tool when proper limits are defined for reliability measurement. If a Pearson PCC of 0.875 would be considered the limit in the current study, the corresponding 95% CI would be within Ϯ5°. Nevertheless, 95% CI provides measurement error in units compared to the Pearson PCC and would be a superior method for all study protocols dealing with metric data. The main disadvantage of the Pearson PCC is that it cannot quantify the measurement error in degrees. Therefore, only the knowledge of the 95% CI for measurement error will enable the physician to draw valid conclusions with regard to the radiographically obtained values in the clinical setting.
Maigne et al 22 reported acceptable 95% CIs for the evaluation of ROM and static translation in different lumbar postures using dynamic radiograph. With respect to their results, they concluded that translation is easier to measure than rotation. However, the presented results in the case of ROM measurement are prone to a methodological mistake because they report about 95% CIs of Cobb measurement only in flexion or only in extension rather than ROM measurement, which is calculated as the difference in endplate angle in extension and endplate angle in flexion. Statistically correct, the calculation has to be performed with the obtained differences (Cobb value in extension°Ϫ Cobb value in flexion°) and not with the repeated Cobb measurement at 1 position. The reliability of the Cobb measurement in 1 position might be different than the reliability of the calculated difference of the Cobb measurement in flexion and extension because some of the consistent bias may be removed.
In addition, Maigne et al 22 calculated the precision of estimated 95% CIs for the bias rather than the 95% CIs for the measurement error but, astonishingly, mentioned in their article that there was an absence of bias. Therefore, the 95% CIs obtained by these investigators for the measurement error when interpreting ROM calculation with dynamic radiographs is questionable and cannot be considered unrestricted. Reporting on the reproducibility of ROM measurement with dynamic radiograph, Okawa et al 14 was also prone to the same methodological mistake as Maigne et al 22 because they showed an average standard deviation of 0.87°and an average coefficient of variation of 4.7% for horizontal- endplate angle measurement rather than ROM measurement.
The results of the current study are in accordance with the results of Dvorak et al 27 because they reported an interobserver uncertainty of Ϯ2.5 for the superimposition method (current study: Ϯ4.0). The difference may be explained by the fact that those investigators measured only 1 normal radiograph 6 times, and, in the current study, the values were calculated using the data of 24 radiographs. Moreover, the interobserver reliability was also calculated statistically poorly because they showed only average differences between 2 measurements (1.6°f or flexion-extension). The comparison of the Cobb method with the superimposition method is also missing, which is of special interest in the clinical setting because the results of most studies are obtained with these 2 techniques and should be comparable between each other. The comparison between observers with different levels of experience was also not addressed. In fact, the results of this study emphasize the importance of this variable because the method used (superimposition vs. Cobb) was not clinically relevant in the experienced observer but had a clinical relevance in case of an inexperienced observer, with more reliable values with the superimposition method (Table 1) .
The amount of anatomic landmarks available when using the superimposition method compared to the Cobb method probably accounts for this result. Moreover, coupled rotatory motion has to be expected when the patients move from extension to flexion, and, therefore, the margin and angle of the endplate of the vertebra may not look identical in flexion and extension radiographs. Superimposing the image offers more points to be matched between the 2 radiographs, although the 2 images are not exactly the same, as a result of coupled motion. Therefore, the superimposition method may offer better control over distortion of the image secondary to coupled motion.
As expected, the ranges for 95% CIs for the measurement error were highest when comparing values of 2 different observers with 2 different methods. This result is of special interest because the comparison of different studies dealing with the same subject often has this bias. Often, values are compared that have been obtained with different observers and, additionally, with different methods of measurement. One should be aware that only a difference higher than the 95% CI for the measurement error between 2 subsequent measurements can be interpreted as clinically valid and significantly different. Moreover, the results of the 95% CI calculation for interobserver-intramethod and intraobserver-intermethod measurement error emphasize the superior role of a method constancy rather than observer constancy. The reliability of values obtained with the same method and different observers is superior to the reliability of values obtained with the same observer and different methods.
The current study provides essential data for interpretation of ROM measurements of the lumbar spine using dynamic radiograph compared to other studies 22, 27 because data obtained with different methods, different observers, and different levels of training are analyzed. Moreover, the statistical method in calculating the 95% CI seems to be superior compared to P values or the Pearson PCC used in other studies 14, 15, 27 because the 95% CI quantifies the measurement error in degrees. Therefore, it would be an ideal situation for further research if a consensus regarding measurement methods could be established in an international fashion to enhance the comparability and, therefore, reliability of studies dealing with this subject.
Limitations of the Study
Because no computer-assisted method for the analysis of the superimposition method was available, the radiographs were analyzed with the graphic construction method. This process may affect the comparability with the Cobb method, which was performed with a computer construction method. However, on the other hand, Dvorak et al 27 did not find a significant difference between the results of the computer-assisted and graphicconstruction methods when analyzing segmental ROM of the lumbar spine with the superimposition method. The measurement techniques used in this investigation did not account for coupled rotatory motion with flexion-extension movement. However, the goal of the study was to evaluate the measurement preciseness of readily available uniplanar flexion-extension radiographs because this is often used in the literature when reporting about dynamic measures on lumbar spine.
Conclusions
No clinically relevant differences could be found for an experienced observer between the superimposition and Cobb methods because both showed a 95% CI for the measurement error of nearly Ϯ4°, which should be considered, especially when analyzing small differences between 2 study groups. The 95% CI for the measurement error becomes even worse when different methods or observers are compared. The results of 95% CI calculation emphasize the superior role of a method constancy rather than observer constancy in ROM calculation with dynamic radiographs. In the clinical setting, valid conclusions regarding the measured values can only be drawn with respect to 95% CIs for the measurement error and, with reservation, by correlation coefficients. P values seem to be insufficient for this purpose.
Key Points
• The reliability of ROM measurement of the lumbar spine with dynamic radiograph is analyzed for different observers with the Cobb and superimposition methods.
• The intraobserver/interobserver and intramethod/ intermethod reliability is expressed with the 95% CI for the measurement error, and is compared with the corresponding Pearson correlation coefficient and P values (t test).
• Clinically valid conclusions can only be drawn with respect to the 95% CI and, with reservation, by correlation coefficients. The P values seem to be insufficient for this purpose.
• The superimposition method has a superior reliability compared to the Cobb method, with a 95% CI of Ϯ4.0°.
